s u M M A R V. Complete lattice parameters have been determined at a series of temperatures up to 95o ~ using a furnace on a powder diffractometer for six synthetic supposed equilibrium albites, a nonequilibrium albite, two natural albites, and a heat-treated natural albite. The supposed equilibrium albites were prepared hydrothermally by MacKenzie 0957) for long periods of time and reached or nearly reached a state of no further change at their temperatures of synthesis between 5oo and I ooo ~ A crystal of natural albite and three crystals of heat-treated natural albite were studied by hightemperature, single-crystal methods on a Buerger precession camera up to Iooo ~ for comparison.
s u M M A R V. Complete lattice parameters have been determined at a series of temperatures up to 95o ~ using a furnace on a powder diffractometer for six synthetic supposed equilibrium albites, a nonequilibrium albite, two natural albites, and a heat-treated natural albite. The supposed equilibrium albites were prepared hydrothermally by MacKenzie 0957) for long periods of time and reached or nearly reached a state of no further change at their temperatures of synthesis between 5oo and I ooo ~ A crystal of natural albite and three crystals of heat-treated natural albite were studied by hightemperature, single-crystal methods on a Buerger precession camera up to Iooo ~ for comparison.
The lattice angles for each albite decrease smoothly with increasing temperature; the a-axis and the volume increase smoothly with increasing temperature. The rates of change increase with increasing temperature. The c and in some cases the b-axes appear to decrease initially in the range 25-3oo ~ and then subsequently increase. The thermal dilatation is highly anisotropic--the change in a is about twice that in b and about six times that in c over the whole range 25-85o ~ The effect of a temperature rise on the lattice parameters of the albites is very similar to the effect of the substitution of potassium on the room-temperature parameters.
Plots of c~* against ~,* for each albite at a sequence of temperatures up to 95o ~ fall on nearly straight parallel lines, all albites becoming less oblique (triclinic) with increasing temperature. Of the equilibrium albites, only the one synthesized at iooo ~ becomes monoclinic below the melting point. The ratio dolo/doot or c*/b* is a measure of order in the albites and does not vary with temperature. The similar behaviours of this ratio and of other lattice parameters as a function of the temperature of synthesis confirms the two-step ordering process in albite.
THIS work was undertaken to obtain complete lattice parameters and thermal expansion data at a series of temperatures up to 95o ~ on low-albite and six synthetic intermediate and high albites. We were fortunate to be able to study a selection of the albites synthesized by MacKenzie 0957). The albites chosen for study were those that had been held for the longest times at constant temperature and pressure and had reached or nearly reached a steady state as judged by their diffraction patterns at room temperature (MacKenzie, ~957, fig. 3 ; compare Eberhard, i967)--they are thus presumably close to the equilibrium forms, and it is for this reason that their study is of such interest. Two natural albites, some heated natural albites, and a nonequilibrium 2 synthetic albite were studied for comparison.
A similar high-temperature X-ray study of a natural low-albite and of a synthetic nearly-high albite by Stewart and von Limbach (I967), which was published after Present addresses: Department of Geology, McMaster University, Hamilton, Ontario, Canada, and Laboratoire de Min6ralogie et Cristallographie, 9 Quai St. Bernard, Paris 5 e, France.
An equilibrium albite is one that has reached a steady state with time under given conditions of formation. A non-equilibrium albite is one that has not reached a steady state under the conditions of formation. It is possible that the equilibrium forms are also the stable forms at their conditions of formation. The corollary that the non-equilibrium forms are metastable under all conditions is not necessarily true. All forms except low-albite are metastable at room temperature.
The materials used are shown in table I. F 9/6, F 9/I3, and F 9/32 were prepared by longterm heating in an electric furnace of natural albite from an Alpine vein, Schyn-Schlucht, Switzerland. A new analysis of F 9 gave Ab99.4Or0.~An0.1 (compare Brown, 1960, $4o4) . F I ol has the composition Ab98.~Orl.8An0.0 (Kracek and Neuvonen, 1952) and was the same material as used by them. 9oi was synthesized from a glass by D. L. Hamilton. The remaining synthetic albites are those made by W. S. MacKenzie (I957) and are the supposed equilibrium forms at 5o0, 600, 7oo, 750, 800, 850, 9o0, and Iooo ~ All the materials used in the preparation of these synthetic and heat-treated feldspars were sealed in gold or platinum capsules to avoid external contamination (Brown, I967).
Results
In table I are set out the lattice parameters for Amelia albite and for the supposed equilibrium forms of albite synthesized by MacKenzie. For specimens 222 and 227, only room-temperature data are given. Results for the non-equilibrium synthetic albite 9oi are also given in table I. Lattice parameters for the nearly pure albite F 9 both without and with previous long heat-treatment are given in tables I and II. Specimens F 9/6 and F 9/I3 were examined by the precession method only, whereas specimens F 9 and F 9/32 were examined by both single-crystal and powder methods.
Room-temperature results. The lattice parameters obtained for low-albite (Amelia albite, table I, F lOI) compare reasonably well with those for other low-albites (see table I in Stewart and yon Limbach, I967 , and in Bambauer, Eberhard, and Viswanathan, 1967) . The slightly higher values for the axial parameters and the volume may indicate that this sample of Amelia albite contains slightly more Or in solid solution than normal (compare Deer, Howie, and Zussman, I963, vol. 4, table 13 ). The nearly pure albite F 9 has a smaller volume and axial parameters more in accord with values in the literature; judging from the lattice angles, it would appear to be slightly disordered. The lattice parameters obtained for high-albites also agree reasonably well with those in the literature (Orville, I967; Stewart and yon Limbach, I967, table 4 Compared to the results of other workers, our axial dimensions appear to be biased to slightly greater values, whereas those of Stewart and co-workers are biased to slightly smaller values. These differences may be due to one of two major causes. The first is some form of instrument misalignment such that the angular positions of the diffraction peaks are all displaced to slightly smaller or larger angles, hence giving slightly larger or smaller axial parameters. The second possibility is that all our synthetic samples contain potassium, hence giving slightly larger cell parameters due to the presence of Or in solid solution. The fact that the axial dimensions and volume for F 9 and F 9/32 are lower than those for the other albites in table I may possibly suggest that these latter all contain Or in solid solution, of the order of several percent. As it is considered that no compositional changes occurred inside the diffractometer furnace (such as were found by Stewart and von Limbach, I967, p. 396), the potassium, if present, must have been in the samples as synthesized by MacKenzie and by Hamilton (F 9oi). On the other hand, the axial dimensions of a series of plagioclases (Grundy and Brown, in preparation) also appear to be slightly biased to greater values compared to those of Smith 0956) or Bambauer, Eberhard, and Viswanathan (x967) . ~ High-temperature results. The effect of a short-term rise in the temperature of a crystal is to change instantaneously and reversibly its lattice parameters. The object of the study was to determine these changes in albite. In order to avoid irreversible changes the period of heating in the furnace was reduced to a minimum. For all of the albites studied no difficulty was found in measuring and indexing the patterns, with the exception of the high-albites at temperatures above about 90o ~ where the lines of the type hkl and hT:l start to merge. This section will be restricted to cases where no ambiguity exists.
The reciprocal lattice angles increase smoothly with temperature, ,* increasing the most, y* slightly less, and/3* only very slightly. The variation in ~* and y* with temperature is shown in fig. ~ . The direct lattice angles decrease smoothly with temperature,, decreasing ( fig. 2 ) by about the same amount as ~* increases;/3 and ~, decrease only slightly. The rates of change in general increase with successive increments of temperature; this is clearly seen in those angles that change the most.
The effect of a large increase in temperature is to increase all the dimensions of the lattice. This is not the case with a smaller increase in temperature, some of the dimensions appearing to decrease before subsequently increasing. In all the albites studied, the a-axis increases smoothly with temperature ( fig. 3a) . This is not the case with the c-axis, which decreases or does not change at all in the natural and synthetic albites examined in the temperature range 25 ~ to about 3oo-4o0 ~ (fig. 3c) ; thereafter it increases. 2 For other important directions approximately in the plane (oIo), namely the directions perpendicular to the faces (ooI) and (~o~), the thermal expansions are positive throughout the entire temperature range. The X-ray data obtained in this study also suggest that the b-axis of low-albite either decreases initially (F ~o~) or remains unchanged (F 9) in the temperature range 25 ~ to about 3oo ~ ( fig. 3b) . Thereafter it increases. 3 The b-axis of the intermediate albites appears to increase continuously with temperature. The situation in high-albite is less clear though there is a suggestion that the b-axis of high-albite decreases slightly or remains constant between 25 ~ and about I5O ~ The percentage changes in the axial lengths and volume with temperature of the albites are given in table III, for the ranges z5-3oo, 3oo-85o, and 25-850 ~ It is clear that the expansion of the albites is strongly anisotropic, especially at low temperatures, where the changes are negative for the c-axis and in some cases for the b-axis.
The coefficient of thermal expansion of the volume of all the albites is about the same (table III) and agrees very well with previous values of Kozu and Ueda (~933),
This problem is at present under investigation. In any case the relative values should not be affected.
2 This initial decrease in the dimensions of the c-axis for both low and high-albite is also found in the X-ray results of Stewart and yon Limbach (I967, tables 2 and 5 and fig. 6 ). A negative coefficient of dilation was previously found in the case of adularia by Fizeau (I868, pp. IO79-8I).
s The data obtained by Stewart and von Limbach, though not showing any decrease, indicate a change in slope from a very low rate to a greater rate of increase at about 3oo ~ Fizeau (I868) and Saucier and Saplevitch (I962) found small negative coefficients in the direction of the b-axis for adularia. 
Discussion
Relationships between the lattice constants. Before discussing the relationship between order/disorder and the lattice parameters, it is interesting to compare the changes in one parameter as a function of the changes in another.
A plot of c~* and ~* has been frequently used for room-temperature results for the alkali feldspars (MacKenzie and Smith, 1955, I962) and for the plagioclases (Brown, 196o). A plot of the reciprocal angles rather than the direct angles (as used for example by Orville, 1967) is to be preferred because the former angles vary more and can be more directly measured. The effect of temperature on the angles ~* and ;/* is such that the plotted points in fig. 4 for each albite lie on smooth nearly straight lines subparallel to the plots of the other albites. Each equal increment of temperature causes a progressively slightly greater displacement of the plotted points for each albite. In addition, the displacement on the diagram for an increment of temperature increases progressively from low-albite to high-albite. The agreement between the results shown in fig. 4 and those obtained previously for low-and nearly high-albite (Stewart and yon Limbach, [967) is very good.
The axial dimensions that change in the most interesting way in the albites are the b-and c-axes or the interplanar spacings do~o and dool. A plot of b versus c has been used to demonstrate changes in both order/disorder and composition in the alkali feldspars (Wright, 1964; Orville, I967; Wright and Stewart, 1968 ) . Such a diagram may also be used to show the effect of temperature on these dimensions in the albites. On a plot of the two dimensions b and c at a series of temperatures for some of the albites studied, the trends of points for each albite at a series of temperatures are slightly curved, due to the negative or very low coefficient of thermal expansion of the c-axis at low temperatures. The coefficient of thermal expansion of the dimension d001 is more nearly constant over the whole temperature range. Fig. 5 has been oriented to conform to the diagrams of ~* versus 7* in use for many years. The interplanar spacings are also more readily determinable from either single-crystal or powder-diffraction diagrams without the need for complete determination of the lattice parameters. As can be seen from fig. 5 the trends of points for the albites are nearly parallel straight lines--thus the ratio dolo/dool has an almost constant value for each albite ( temperature of about Iooo ~ on the lattice parameters of the albites is very similar to the substitution of 25-3o % Or on the room-temperature parameters.
The effect of order/disorder on the lattice parameters. One of the principal objects of this study was to determine the lattice parameters of the equilibrium albites at the temperatures of their formation, in order to obtain information about albite on the 600 ~ than below it. This break in the influence of temperature on the equilibrium parameters is very strong evidence in favour of a two-stage ordering process in albite (Laves, I96O; Brown and Grundy, in preparation). A similar break is seen at the same temperature in fig. 6 . It was suggested by Jones (I966) that the ratio c*/b* or dolo/dool can be used as an order parameter in the alkali feldspars. In the case of albite this ratio (table IV and fig, 6 ) clearly indicates a two-step ordering process. Crystals of F 9 were examined to determine the non-equilibrium disordering path of albite at high temperature. The crystals were sealed in platinum tubes during the heat treatment and subsequently studied by single-crystal and powder methods at elevated temperatures (tables I and II). The results are plotted in fig. 4 --the points /, J, K, and E represent extrapolations to IO5O ~ for F 9, F 9/I3, F 9/6, and F 9/32 respectively. The curve IJKE represents the non-equilibrium disordering path for F 9 on prolonged heating at Io5o ~ in terms of the angles ~* and 9'*.
The effect of an increase in disorder on the lattice angles of albite at room temperature is to produce a decrease in both c~* and 9'* (fig-4) ; under the same conditions I4O, 3oo, 45o, 6oo, 750, 85o , and in some cases at 9oo or 95o ~ The stars, on these lines represent the value of c~* and y* for the synthetic albites at their temperatures of synthesis--for an explanation of the curve FGHE see the text. Points ABDE are from Brown 0960). The data at room temperature for solid solutions between albite and potassium feldspar from Orville (I967) are indicated by a cross • the number indicating the percentage of Or. The average value of ~* and y* for microcline at 25-[ooo ~ from Grundy and Brown 0967) is given by R. Data for the albites F 9, F 9/[3, and F 9/6 from precession photographs are given by 0. Slightly smaller values were obtained for F 9 using the diffractometer furnace. The broken line IJKE represents the non-equilibrium disordering path for the particular albite F 9 at lO5O ~ decreases and 9' increases (Baskin, I956; Smith, I956; Schneider, 1957) . The angles /3* and/3 hardly change at all.
As was first shown by Cole, Serum, and Kennard (I949) the effect of disordering orthoclase is to produce an increase in b and a decrease in c at room temperature. The albites show the same effect with disorder at both room and elevated temperatures. Whereas the properties of the intermediate albites are in general intermediate between those of low-and high-albite, this may possibly not be the case for the a-axis and the volume, which appear to be greater at room temperature for intermediate albites.
High-albite and the triclinic/monoclinic transformation. As was pointed out at the beginning of the section on high-temperature results, certain difficulties arose in the measuring and interpreting of the diffraction patterns of high-albite at temperatures above 9oo ~ due to the merging of diffraction peaks of the type hkl and h,~l. Evidence has been presented elsewhere (Grundy, Brown, and MacKenzie, I967), which in our view suggests that material that we believe to be nearly pure albite becomes monoclinic at temperatures above about 930-50 ~ This problem will be briefly discussed again because data for a series of albites is now available, and because of the evidence presented by Stewart and yon Limbach and their discussion of it 0967, pP. 39I-3, 395-7, and 4o3-5). MacKenzie (I957) showed dearly that the properties of albite synthesized hydrothermally depend on the temperature of crystallization and on the length of time. Albite synthesized at 9oo ~ even for as short a time as two hours, is not identical to that formed at Iooo ~ Thus, neither the albite studied by Stewart and yon Limbach nor that studied by Orville is equivalent to the highest albite made by MacKenzie. From an examination of the trends of the lines in fig. 4 , it seems improbable that the intermediate albites synthesized between 600 and 800 ~ would become monoclinic even if they could be heated well above their melting-point. The albite synthesized at 900 ~ might trend towards a monoclinic state at about II5O ~ (compare fig. 1 ), but the evidence from Stewart and yon Limbach (I967) from very similar material does not suggest that it becomes monoclinic before melting. Their high-temperature study of this albite does not, however, exclude the possibility that an albite synthesized at a higher temperature might become monoclinic before melting.
The negative evidence presented by Dietz (I965) and by Kayode (in Stewart and von Limbach, 1967, p. 4o5 ) from a high-temperature study of albites prepared by long heating of very pure natural albites is of a different nature. It may perhaps be related to the kinetics of the disordering process. As was shown by Schneider (I957), the rate of disordering at high temperature of a large number of albite samples varies greatly. It is possible that the materials studied by Dietz and by Kayode had not been fully disordered by heating. Alternatively, it is possible that both the synthetic albites 307 and 9oi contain sufficient Or in solid solution to lower the temperature of the C 6669 M monoclinic/triclinic transformation. This argument cannot be applied to the single crystal of F 9, a very pure glass-clear albite, with only about o'5 % Or. As reported by Grundy, Brown, and MacKenzie (1967) a small crystal of atbite F 9/32 weighing probably less than IO/~g (which had been prepared by heating lowalbite sealed in a platinum tube for 32 days at lO6O ~ was found to become monoclinic above about 930 ~ by the single-crystal precession method. A powder was made from some of the rest of the same heated material and examined in the diffractometer furnace (table I) . It was noted that the diffraction peaks were broad at all temperatures. An examination of a coarse fraction of the powder with a polarizing microscope showed it to contain crystals with variable extinction angle suggesting that it was made up of a number of similar but not identical highly disordered states. The best estimate for its transformation temperature is just above about 95o ~ The most reasonable value for the temperature of the monoclinic/triclinic inversion for the non-equilibrium albite 9Ol is about lOOO-SO ~ The behaviour of these highly disordered albites suggests the possibility of various slightly different states of disorder for the highest albites.
APPENDIX

Twinning in albite
The purely geometrical aspects of twinning in albite can be discussed in relation to the changes in lattice parameters. The genesis of twins in feldspars depends on more than the geometry of the lattice, so the results of this study are not directly applicable to the origin or frequency of twins. The changes in obliquity q~ = (OLO)/~ [OLO] and the angle ~ of the rhombic section (cot a = cos c~*/cot 7) of the albites can be calculated from the lattice parameters. The effect on the obliquity due to changes in order/disorder or increase in temperature is small, the maximum change amounting to just over 4 ~ . The effect of the same changes on the position of the rhombic section is more marked, here the greatest change is 14 ~ (table V and fig. 7 )- Theoretically, the pericline composition plane and the rhombic section coincide on the formation of a pericline twin. If after the formation of the twin the lattice angles of the crystal change, the current position of the rhombic section is unlikely to coincide with the composition plane of the original pericline twin (Mtigge, 193o; Smith, I958; Brown, i962 , p. 362) . Subsequent cooling from the temperature of formation by any path will have very little effect on the angle cr of the fossil pericline composition plane, as the angle fl only changes by about o.5 ~ in iooo ~ Therefore, the orientation of the pericline composition plane is a possible clue to the temperature and structural state of the crystal at the time of formation of the twin.
Values of the angle cr of the pericline composition plane measured at room temperature can be used to deduce a temperature of formation from fig. 7 only if it can be assumed that the albite was in equilibrium at the time of twinning. Above about 475 ~ it would seem possible to give a reasonably accurate estimate of the temperature (and hence the structural state) on the above assumption at the time of formation of the pericline twin. As it is probable that most pure albites in rocks formed at temperatures below about 5oo ~ it is clear that the position of the pericline twin plane gives little information about the temperature at the time of formation of the twin. The effect of pressure and substitution of Or and An will make it of even less use.
